The thin ZnO films were deposited using the successive ionic layer adsorption and reaction (SILAR) method. The morphology, structure and composition of the thin ZnO films were examined using scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The optical properties of the thin ZnO layers, which were deposited onto glass substrates, were investigated using ultraviolet-visible spectrophotometry (UV/Vis).
INTRODUCTION
Zinc oxide is an important low-cost and nontoxic semiconductor material with beneficial properties, such as high stability, good optical and electrical characteristics. It is widely used in various applications like gas sensors, transparent conducting oxides, dye sanitised solar cells and buffer layers in CuInS 2 solar cells [1] [2] [3] [4] [5] . ZnO is an n-type semiconductor with a wide optical band gap at room temperature (3.3 eV) and transparency in the visible range of the solar spectrum [6] . ZnO is very widely used in the optoelectronic and photo catalysis due to its high activity and low cost [7] [8] [9] .
For deposition of ZnO various physical and chemical methods, such as RF magnetron sputtering [10, 11] , spray pyrolysis [12, 13] , chemical vapour deposition (CVD) [14] , metal organic chemical vapour deposition (MOCVD) [5, 15] , sol-gel [16] [17] [18] [19] , chemical bath deposition (CBD) [20] [21] [22] [23] [24] [25] , successive ionic layer adsorption and reaction (SILAR) [20, [26] [27] [28] and atomic layer deposition (ALD) [29] [30] [31] [32] [33] , have been used. Chemical methods are attractive because they are simple and do not require complicated expensive arrangements.
This study is focused on the deposition of thin ZnO films by means of the SILAR method. Zn layer was examined. The morphology, structure and composition of the thin ZnO layers were examined using field-emission scanning electron microscopy (FESEM), energy dispersive X-ray analysis (EDX), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). The optical properties of the thin ZnO films deposited onto the glass substrates were investigated using ultraviolet-visible spectrophotometry (UV/Vis).
EXPERIMENTAL Chemicals
Zn(CH 3 COO) 2 This constitutes one SILAR deposition cycle (N) of the ZnO layer. In this study, the whole cycle described was carried out repeatedly for 10 and 20 times. After that, the samples were dried in the air atmosphere. In addition, the ZnO films deposited onto the glass surface, then N = 10 and 20, were annealed in air at 350°C temperature for 30 min.
The 
Characterisation of samples
The morphology and composition of the ZnO layers deposited onto the glass or ITO substrates using the SILAR method were characterised using a SEM/FIB workstation Helios Nanolab 650 with an energy dispersive X-ray (EDX) spectrometer INCA Energy 350 X-Max 20. Elemental analysis of the ZnO layers was performed by using an 'ESCALAB MK II' spectrometer (VG Scientific, UK) equipped with a Mg Kα X-ray radiation source (1253.6 eV) operated at 300 W, at a fixed pass energy of 20 eV. The pressure of 1.33 × 10 −6 Pa was kept in the UHV analysis chamber. To obtain depth-profiles, the samples were etched in the preparation chamber with ionised argon under vacuum of 5 × 10 −4 Pa. The accelerating voltage of ca. 1 kV and the beam current of ∼20 μA cm −2 were used which corresponded to an etching rate of ∼4 nm min −1 . Depth-profile spectra were taken after Ar + ion sputtering to get a deeper insight into the composition. The XPS spectra were recorded for O1s and Zn2p 3/2.
XRD patterns of the as-deposited ZnO films on the glass surface (N = 10 and 20) and annealed at 350°C temperature in air for 30 min were measured using an X-ray diffractometer SmartLab (Rigaku) equipped with an X-ray tube with a Cu anode. The grazing incidence (GIXRD) method was used in the 2θ range 20-60°. An angle between the parallel beam of X-rays and the specimen surface (w angle) was adjusted to 0.5°. Phase identification was performed using the software package PDXL (Rigaku) and ICDD powder diffraction data-base PDF-4+ (2016 release).
Optical absorption studies of the ZnO layers deposited on the glass substrates were carried out in a wavelength range of 300-800 nm using a UV-VIS spectrophotometer Lambda 35 (Perkin Elmer).
RESULTS AND DISCUSSION
The ZnO films were deposited onto the glass and ITO substrates using the successive ionic layer adsorption and reaction method. The ZnO films were deposited onto the glass or ITO substrates by their immersion into the cationic Zn 2+ solution (see above) for 30 s, rinsing the treated substrates with ultra-pure water, followed by their immersion into the anionic precursor solution for 15 s and rinsing with ultra-pure water. Herein, the effect of different anionic precursor's solutions on the morphology and properties of the deposited ZnO layers was investigated. Three anionic precursor solutions containing different composition were used: i) 10% (Figs. 1b, 2b) . Moreover, the ZnO film deposited on the surface of glass after 20 SILAR deposition cycles was cracked during the sample drying in air (Fig. 1d) .
X-ray photoelectron spectroscopy was used to investigate the surface chemical composition of the as-deposited ZnO films onto the ITO surface after 10 SILAR deposition cycles using the anionic precursor solution based on H 2 O 2 . In order to get a deeper insight into the composition of the modified layer, the XPS spectra of Zn2p and O1s were recorded not only from the sample surface, but also depth-profile spectra were taken after Ar + ion sputtering. Figure 3 shows the XP sputter spectra of Zn2p and O1s for the ZnO film deposited onto the ITO surface (N = 10) at a depth of ~3 nm (a, b) and ~7 nm (c, d), respectively. The summarised data of XPS analysis of the sample are given in Table 1 . As seen from the XPS sputter spectra of Zn2p at a depth of ~3 nm (Fig. 3a) and ~7 nm (Fig. 3c) , three peaks at a binding energy (BE) of 1021.71, 1022.54 and 1023.57 eV were identified. Figures 3b and d show the O1s XPS spectra at a depth of ~3 and ~7 nm, respectively. It is clearly seen that the spectra of O1s at a depth of ~3 nm are fitted by three peaks, whereas at a depth of ~7 nm they are fitted by four peaks. The peaks at lower binding energy of 529.86 eV (Fig. 3b) and 530.04-530.90 eV (Fig. 3d) (Fig. 3b) and at ~531.88 and ~532.80 eV at a depth of ~7 nm (Fig. 3d) are well visible in the spectra and can be attributed, respectively, to oxygen-metal (Zn-O) bonding and probably to oxygen on a split-interstitial configuration [36, 37] or oxide near Zn vacancies. From the data in Table 1 (Fig. 4) . The main peak of Zn (LMM) Auger transition occurs at 987.50 eV kinetic energy (KE) [38, 39] . 
A lower α' indicates a lower electron density at the atom, i.e. a higher oxidation state [41] . The calculated values of the α-parameter from the Zn2p 3/2 and LMM spectra are 2010. 28, 2010.04, 2009.86 and 2010 .00 eV at a depth of 0, 3, 7 and 25 nm, respectively, and clearly demonstrate that ZnO has formed in the film [35] .
The structure and crystallinity of the ZnO layers deposited onto the glass surface and annealed at 350°C temperature for 30 min were investigated by the X-ray diffraction method. Figure 5 presents the XRD patterns of the annealed ZnO layers, which were deposited on the glass surface after 10 (a) and 20 (b) SILAR deposition cycles using the anionic precursor solution containing 10% vol. of H 2 O 2 . It was found that the ZnO films annealed in air at 350°C temperature for 30 min have a hexagonal structure with a slightly deformed lattice (PDF 01-79-5604) (Fig. 5) . Diffraction peaks observed in the patterns confirm that the ZnO films have a hexagonal (wurtzite) structure.
The ZnO layers were also deposited on the glass sheet using the anionic precursor solutions As seen from the data in Fig. 6 , the deposited ZnO layer is even, but of poorer quality than that obtained using the anionic 10% vol. H 2 O 2 precursor solution (Fig. 1) . The composition of the ZnO films deposited on the glass surface after 20 SILAR deposition cycles using the anionic precursor solution containing 0.026 mol l -1 Na 2 B 4 O 7 + 0.002 mol l -1 KMnO 4 was examined by XPS. The summarised data are given in Table 2 . Figure 7 shows the XP sputter spectra of Zn2p 3/2 (a) and O1s (b) for the same sample at a depth of ∼3 nm. As evident, the Zn2p 3/2 spectra at a depth of ~3 nm (Fig. 7a) are fitted by two peaks, whereas the O1s spectra are fitted to four peaks. The Zn2p 3/2 lines for ZnO are quoted at 1021.44 eV with the O1s for ZnO found at 530.21 eV (Table 2 ) [22, 23] .
The optical properties of the ZnO layers deposited onto the glass sheet were investigated by means of ultraviolet-visible spectrophotometry. The UV/ Vis absorption spectra were recorded in a wavelength range of 300-800 nm at room temperature. aʹ cʹ
34 eV E b2 = 3.18 eV Figure 8 shows the optical absorption spectra and transmittance spectra for the as-deposited (a, b) and annealed at 350°C (c, d) ZnO films, which were prepared using 10% vol. H 2 O 2 as the anionic precursor solution. In addition, the ZnO films were as-grown on the glass surface using 10 (1) and 20 (2) SILAR deposition cycles (Fig. 8) . The UV-Vis absorption and transmittance spectra for the asgrown ZnO films after 20 SILAR deposition cycles using the 0.026 mol l -1 Na 2 B 4 O 7 + 0.002 mol l -1
KMnO 4 or 0.026 mol l -1 Na 2 B 4 O 7 solutions as the anionic precursor ones are given in Fig. 9 . As evident from the data in Fig. 8 (b, d) , the as-grown and annealed ZnO films, which were prepared using 10% vol. H 2 O 2 as the anionic precursor solution (N = 10), exhibit a higher transparency in the visible range as compared with those obtained using 20 SILAR deposition cycles. After 10 SILAR deposition cycles, the transparency of the both asdeposited and annealed ZnO films is close to 100%, while after 20 SILAR deposition cycles the one is about 60% (Fig. 8b, d) (Fig. 9b) .
In order to confirm the nature of optical transition in all samples, the obtained data were analysed using the classical absorption equation known as Tauc equation [30] :
Here α o is a constant, hν is the incident photon energy, E g is the separation between the bottom of the conduction band and the top of the valence band and n is the constant. For the allowed direct transition n = 1/2, and for the allowed indirect transition n = 2. The plot of (ahν) 2 versus hν for the ZnO film as-deposited on the glass substrate by its immersion into the cationic Zn precursor solution followed by its immersion into the anionic precursor solution containing 10% vol. of H 2 O 2 is shown in the inset a' of Fig. 8a . As evident, the ZnO films deposited using 10 and 20 SILAR deposition cycles have a band gap energy of 3.40 eV (E b1 ) and 2.10 eV (E b2 ), respectively (Fig. 8a') . The obtained results are in good agreement with the optical bang gap energy found for ZnO bulk -3.30 eV [6] . After annealing of the samples in air at 350°C temperature for 30 min, the band gap energy values were equal to 3.34 eV (E b1' ) and 3.18 eV (E b2' ) when the ZnO films were deposited using 10 and 20 SILAR deposition cycles, respectively (Fig. 8c') . Notably, the higher bind energies of 3.84 and 3.86 eV were obtained for the as-grown ZnO films (N = 20), using the solutions containing 0.026 mol l Na 2 B 4 O 7 as the anionic precursor ones, respectively (Fig. 9a) . 
CONCLUSIONS
The thin ZnO films were deposited onto the glass and ITO substrates using the successive ionic layer adsorption and reaction method (SILAR). The effect of different anionic precursor solutions on the morphology and optical properties of the ZnO films has been investigated.
It has been found that the optical properties of the as-grown ZnO films depend on the composition of the anionic precursor solutions, which were used for the deposition of the latter films. The as-grown ZnO films have a band gap energy varied from 2.10 to 3.86 eV. Moreover, the highest band gap energy of 3.86 eV was obtained for the as-grown ZnO film when the 0.026 mol l 
